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1 Cyclodextrins (CDs) are nanostructures widely applied in biotechnology and chemistry. Owing to
partially hydrophobic character, CDs interact with biological membranes. While the mechanisms of
CDs interactions with lipids were widely studied, their effects on proteins are less understood. In the
present study we investigated the effects of beta cyclodextrin (bCD) on GABAA receptor (GABAAR)
gating.

2 To reliably resolve the kinetics of conformational transitions, currents were elicited by ultrafast
gamma-aminobutyric acid (GABA) applications to outside-out patches from rat cultured
hippocampal neurons. bCD increased the amplitude of responses to saturating GABA concentration
([GABA]) in a dose-dependent manner and this effect was accompanied by profound alterations in the
current kinetics.

3 Current deactivation was slowed down by bCD but this effect was biphasic with a maximum
at around 0.5mM bCD. While the fast deactivation time constant was monotonically slowed down
within considered bCD concentration range, the slow component first increased and then, at
millimolar bCD concentration, decreased.

4 The rate and extent of desensitization was decreased by bCD in a dose-dependent manner.

5 The analysis of current responses to nonsaturating [GABA] indicated that bCD affected the
GABAAR agonist binding site by slowing down the unbinding rate.

6 Modulation of GABAAR desensitization and binding showed different concentration-dependence
suggesting different modualtory sites with higher affinity of the latter one.

7 All the bCD effects were fully reversible indicating that cholesterol uptake into bCD was not the
primary mechanism.

8 We conclude that bCD is a strong modulator of GABAAR conformational transitions.
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Introduction

Cyclodextrins (CDs) are nanostructures that attract increasing

attention as a potent tool in for example, drug delivery,

molecular recognition, modeling the catalytic enzymes and

enhancing solubilization of lipophilic structures in aqueous

media. CDs are cyclic components containing nanocavities

designed as inclusion complexes for various low molecular

weight compounds (Harada, 2001; Redenti et al., 2001;

Douhal, 2004). Owing to hydrophilic exterior and hydro-

phobic nanocavities CDs may act as efficient ‘shuttles’ for

hydropohobic compounds (Harada, 2001; Redenti et al., 2001;

Loftsson et al., 2004). However, it is likely that due to partially

hydrophobic properties, CDs could interact with various

components of cellular membranes and modulate their

functions. Although most studies concentrated on CD inter-

actions with lipids, it was found that a direct CD binding

to proteins may also take place (e.g. Pajatsch et al., 1998;

Kamionka & Dahl, 2001). CDs were shown to block connexins

by direct interaction with the channel pore (Locke et al., 2004).

However, in general, the nature and impact of direct CD–

protein interactions are poorly understood. The best docu-

mented mechanism whereby CDs act as potent modulators

of biological membranes is depletion of cholesterol (Kilsdonk

et al., 1995; Yancey et al., 1996), a compound that is known as

a key regulator of several membrane properties (Brown &

London, 2000; Ottico et al., 2003; Fielding & Fielding, 2004).

Cholesterol exerts its modulatory functions by controlling

membrane rigidity and fluidity and by acting as a key

constituent of so-called membrane lipid rafts (Brown &

London, 2000). Alterations in cholesterol level in the

membrane were found to profoundly affect functioning of

membrane proteins including ionic channels (e.g. Bennett &

Simmonds, 1996; Hajdu et al., 2003; Barbuti et al., 2004; Brady

et al., 2004; Frank et al., 2004; Shu et al., 2004; Xia et al., 2004;

Taverna et al., 2004), indicating that lipid microenvironment

of membrane proteins plays a crucial regulatory role. For

instance, properties of gramicidin channels are strongly

sensitive to agents influencing membrane stiffness, including*Author for correspondence; E-mail: maja@biofiz.am.wroc.pl
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cholesterol (Chen & Gross, 1995; Lundbaek et al., 2004). The

activation of nicotinic acetylcholine receptors requires the

presence of cholesterol in the lipid environment of this channel

(Fong & McNamee 1986, Addona et al., 1998). More recently,

Lundbaek et al. (1996; 2004) have demonstrated that factors

affecting lipid bilayer elasticity (e.g. micelle-forming drugs or

cholesterol) may strongly affect the conformational transitions

of sodium and calcium channels that are crucial in neuronal

excitability. Ottico et al. (2003) have studied CD effect on

cultured neurons and found that even a mild CD treatment

(millimols of CD applied for tens of minutes) resulted in a

substantial loss of main membrane lipid compounds (phos-

phatidylcholine, cholesterol, sphingolipids) giving rise to

possible profound reorganization of membrane lipid domains.

These findings altogether indicate that CDs may exert a variety

of effects leading to a direct or indirect modulation of

membrane proteins through several mechanisms. In particular,

conformational transitions of proteins can be modulated by a

number of factors that can be altered by CDs. In the present

study, we pursued this issue and investigated the effect of CDs

on the kinetics of neuronal GABAA receptor conformational

transitions. GABAA receptors are ligand-activated channels

that are responsible for neuronal inhibition in the adult brain

and their gating is relatively well understood (e.g. Macdonald

et al., 1989; Jones & Westbrook, 1995; McClellan & Twyman,

1999; Mozrzymas et al., 1999; 2003a, b). The effect of CD on

GABAARs was studied using electrophysiological tools by Shu

et al. (2004), who found that CD does not affect GABA-

evoked responses but modulated slow currents activated by a

steroid. However, it is likely that due to relatively slow

application system, CD effects on the receptor gating could

have been difficult to detect. In the present study, to monitor

the receptor gating at highest possible temporal resolution,

current responses were elicited by ultrafast agonist applica-

tions (Jonas, 1995). We found that bCDs (cyclic heptamers of

glucose) at relatively low concentrations (at which depletion

of membrane cholesterol is expected to be minor) induced

profound changes in GABAA receptor gating affecting mainly

desensitization and binding kinetics.

Methods

Cell culture

Primary cell culture was prepared as already described (Andjus

et al., 1997). Briefly, P2–P4 old Wistar rats were killed by

decapitation, hippocampi were dissected, sliced, treated with

trypsin, mechanically dissociated, and centrifuged twice at

40� g, plated in the Petri dishes and cultured. Experiments

were performed on cells between 10 and 15 days in culture.

Electrophysiological recordings

Currents were recorded in the outside-out mode of the patch-

clamp technique using the EPC-7 amplifier (List Medical,

Darmstadt, Germany) at a holding potential of �70mV. The

intrapipette solution contained (in mM) CsCl 137, CaCl2 1,

MgCl2 2, 1,2-bis(2-aminophenoxy)ethane-N,N,N0-tetraacetic
acid (BAPTA) 11, ATP 2, HEPES 10 (pH 7.2 with CsOH).

The composition of the standard external solution was (in mM)

NaCl 137, KCl 5, CaCl2 2, MgCl2 1, glucose 20, and HEPES

10 (pH 7.2 with NaOH). Two types of cyclodextrins were

used (b-cyclodextrin and (2-hydroxypropyl)-b-cyclodextrin,
Sigma, Poznan, Poland) but their effects on GABAARs were

indistinguishable. CDs (at concentration up to 1.5mM) were

added in powder to the external solution and within this

concentration range neither osmolarity or pH was affected

at a detectable level.

To reduce the data scatter due to cell-to-cell variability the

description of CD effect was based on comparison of kinetic

parameters (e.g. amplitudes, 10–90% rise time, time constants

of desensitization and deactivation) for currents recorded from

the same patch. Stable recordings (o10% of rundown) were

available for approximately 10–20min. Since current responses

were recorded every 1–2min, the impact of rundown was

minimal.

All experiments were performed at room temperature

22–241C.

The current signals were low-pass filtered at 10 kHz with

a Butterworth filter and sampled at 50–100 kHz using the

analog-to-digital converter CED micro1401 (Cambridge,

U.K.) and stored on the computer hard disk. The acquisition

and analysis software were kindly given by Dr J. Dempster

(Strathclyde University, Glasgow, U.K.).

GABA was applied to excised patches using the ultrafast

perfusion system based on a piezoelectric-driven theta-glass

application pipette (Jonas, 1995). The piezoelectric translator

was from Physik Instrumente (preloaded HVPZT translator

80 mm, Waldbronn, Germany) and theta-glass tubing from

Hilgenberg (Malsfeld, Germany). The open tip recordings of

the liquid junction potentials revealed that 10–90% exchange

of solution occurred within 40–80 ms. A minimum duration of

drug application was 1ms (when applying shorter pulses, often

oscillations appeared). In experiments, in which, the effect of

cyclodextrin was tested, this substance was present at the same

concentrations in solutions supplied by both channels (wash

and GABA-containing solution) of the theta-glass capillary.

Before applying the agonist (in the presence or absence of

bCD) the patch was exposed to the flux of washing solution

for at least 2min.

Analysis

The decay of the currents was fitted with a function in the

form:

yðtÞ ¼
Xn

i¼1

Ai expð�t=tiÞ þ As ð1Þ

where, Ai are the fractions of respective components, As is the

steady-state current and ti are the time constants. For

normalized currents,
P

AiþAs¼ 1. Deactivation time course

was well fitted with a sum of two exponentials (n¼ 2) and

As¼ 0. The weighted time constant of deactivation was

calculated using the following formula: tmean¼
P

Aiti. For

the protocols aiming at description of desensitization onset

(long applications of saturating GABA concentration) decay-

ing phases of the currents were fitted with either one or two

exponentials and As40.

The recovery process in the double pulse protocol was

estimated using the parameter defined as follows:

R ¼ ðI2 � I endÞ=ðI1 � IendÞ ð2Þ
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where R is the percentage recovery, I1 the first peak amplitude,

Iend, the current value immediately before the application of

the second pulse, I2, the second peak amplitude. The kinetic

modelling was performed with the ChannelLab 2.0 software

(developed by S. Traynelis for Synaptosoft, Decatour, GA,

U.S.A.). This software converted the kinetic model (Figure 7)

into a set of differential equations and solved them numerically

assuming, as the initial condition, that at t¼ 0, no bound or

open receptors were present. The solution of such equations

yielded the time courses of occupancies of all the states

included in the model. The current time course was modelled

as the time evolution of the sum of open state occupancies.

Data are expressed as mean7s.e.m. and for comparison

of data obtained from the same patch Student’s paired t-test

was used.

Results

In order to study the effect of bCD on conformational

transitions of GABAA receptors, current responses to ultrafast

applications of GABA were recorded. At sufficiently high

(saturating) GABA concentrations, the occupancy of open

receptors as well as activation rate reach their maximum

values. When applying saturating agonist concentration, the

receptors bind the agonist very quickly and the time course of

current response is expected to be governed by transition rates

between fully bound receptor conformations. Thus, the time

course of current responses to saturating [GABA] have been

found to be very sensitive to modulatory processes affecting

these conformational transitions (e.g. Jones & Westbrook,

1997; Mozrzymas et al., 1999; 2003a, b). Taking this into

account, we measured the current responses to a saturating

(10mM) GABA concentration in control conditions and in the

presence of bCD (Figure 1). As explained in Methods, in order

to avoid excessive data scatter due to cell-to-cell variability,

control currents and responses in the presence of bCD were

recorded from the same patch. Surprisingly, current responses

to 10mM GABA in the presence of bCD had clearly larger

amplitudes than respective controls and this effect was dose-

dependent and highly significant (Figure 1a and b, Po0.05,

paired t-test). In control conditions, the averaged amplitude of

current responses to saturating [GABA] (at �70mV) was

11337163 pA, n¼ 28. The effect of bCD on current amplitude

was fully reversible within the considered bCD concentration

range (in Figure 1a, an example is shown for 0.5mM bCD).

The minimum period of time between the test pulse (in the

presence of bCD) and control one was at least 2min (see

Methods) to avoid accumulation of receptors in the desensi-

tized state. After this time interval, current responses returned

to the control level (Figure 1a), implying that 2min were

sufficient for reversal of bCD effects. The recovery from bCD-

induced modulation is probably even faster but due to overlap

with receptor desensitization, it is difficult to be precisely

assessed. Successive GABA applications (separated by at least

2min) in the continuous presence of bCD, elicited current

responses with the same amplitude, indicating that bCD-

induced modulation of GABAARs equilibrated within at most

2min (data not shown). While the overall trend of bCD action

was clear and robust, its effect both on amplitudes (Figure 1)

and on current time course was characterized by a substantial

cell-to-cell variability (e.g. increase in amplitude at 1.5mM

bCD ranged from 10 to 210% with a mean 168711%, n¼ 5,

Figure 1b). bCD by itself did not elicit any detectable current.

In order to explore the mechanism underlying bCD effect

on amplitudes of current responses to saturating [GABA]

(Figure 1), the time course of currents elicited using various

application protocols was analyzed. The onset rate of currents

evoked by saturating [GABA] was slowed down by bCD but

this effect was relatively weak reaching significance only at

highest (1.5mM) bCD concentration (in control conditions

10–90% rise time was 0.167 0.01ms, n¼ 5, and in the

presence of 1.5mM bCD 0.2370.01ms, n¼ 5, Po0.05, paired

t-test, Figure 2). It is known, that the kinetics of the rising

phase of currents (including those elicited by saturating

agonist) can be controlled by several processes including

opening/closing and desensitization rates (e.g. Mozrzymas

et al., 2003a, b). Thus, in order to further elucidate the

mechanisms of bCD action on GABAA receptor gating,

application of additional experimental protocols was required.

The synaptic agonist transient is believed to be very short

lasting (hundreds of microseconds, Clements, 1996; Mozrzy-

mas et al., 1999; 2003a; Mozrzymas, 2004) and therefore the

decaying phase of synaptic currents is thought to reflect mainly

the deactivation process (current time course following

removal of free agonist). In our experiments, deactivation

process was studied by analyzing the decaying phase of

currents elicited by brief (1–3ms) applications of saturating

(10mM) GABA. Variation in pulse duration within 1–3ms did

not affect the time course of deactivation process (data not
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Figure 1 bCD enhances current responses to saturating [GABA].
(a) Typical consecutive current responses to 10mM GABA in
control conditions (left) in the presence of 0.5mM bCD (middle) and
in control (right). Note that control responses before and after
recording in the presence of bCD are identical indicating that bCD
effect is reversible. Insets above current traces indicate the
concentration and time course of applied agonist. (b) Statistics
showing dose-dependence of bCD effect on current amplitudes.
Statistics was based on paired comparisons vs. control response for
at least n¼ 5 patches for each bCD concentration. Asterisks above
bars indicate statistically significant effects.
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shown). In control conditions, the current decay could be well

described by two exponential components (tfast¼ 2.870.14ms,

tslow¼ 113.978.8ms, Aslow¼ 0.1570.02, n¼ 15) similarly to

what observed in previous studies (e.g. Jones & Westbrook,

1995; Mozrzymas et al., 1999; 2003a, b). In the presence of

bCD, the deactivation kinetics was clearly altered (Figure 3).

The mean decay time constant (tmean) strongly increased in the

presence of bCD but this effect was not monotonic

(Figure 3b). Indeed, as shown in Figure 3b, tmean showed a

strong increase for bCD up to 500mM but at higher

concentration, the mean time constant clearly decreased.

While the fast component of deactivation (tfast) showed a

monotonic increase with bCD concentration (Figure 3c),

the slow one (tslow) showed an increase for bCD up to

500 mM but above this concentration this trend was reversed

(Figure 3d) and the percentage of this component showed a

monotonic increase with bCD concentration (Figure 3e). A

pronounced increase in the amplitude (Figure 1) combined

with prolonged deactivation (Figure 3b) gave rise to a strong

increase in the charge transfer but for high (1.5mM) bCD
concentration this trend was reversed (Figure 3f) similarly to

what observed in the case of slow deactivation component

(Figure 3d). The effects of bCD on the deactivation kinetics

were fully reversible (data not shown).

Deactivation kinetics was shown to strongly depend on

desensitization (Jones & Westbrook, 1995) and it is thus

interesting to check for the effect of bCD on this process. The

kinetics of desensitization was studied by recording the current

responses to prolonged (up to 100ms) applications of

saturating [GABA]. Long GABA applications resulted in
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appearance of slow desensitization components (e.g. at 300ms

application the current fading was clearly described by two

components tfast¼ 2.4170.17ms, tslow¼ 12677.5ms, n¼ 16,

not shown). However, at sufficiently short GABA applications

(20–50ms) the desensitization onset could be fairly well

described by one, fast exponential component. It is believed

that such fast desensitization component is strongly involved

in shaping the synaptic currents while the impact of slower

ones on mIPSCs is negligible (Jones & Westbrook, 1995;

Mozrzymas et al., 1999; 2003a, b). Thus, in the present

study, we restricted our analysis to the fast component

of the desensitization process (in control conditions

tDes¼ 2.4270.11ms, ss/peak¼ 0.12870.005, n¼ 8, fitting area

set to 25ms starting from the peak current). The time constant

of desensitization onset was slowed down by bCD in a

concentration dependent manner (Figure 4a and b). Moreover,

the steady-state to peak ratio was increased with bCD
concentration (Figure 4c). These data demonstrate that bCD
decreases both the rate and extent of desensitization.

A characteristic property of GABAA receptors is that

after a brief exposure to the agonist, the receptors tend

to be trapped by the desensitized conformation not only

during the exposure to the agonist but also after the

neurotransmitter removal (Jones & Westbrook, 1995; Mozr-

zymas, 2004). Such effective receptor trapping in the desensi-

tized conformation takes place due to combination of slow

unbinding, fast desensitization and slow resensitization rates.

In order to assess how quickly the receptors quit the

desensitized state and become activable again, a standard

paired-pulse protocol was applied. In the present study, we

applied 2ms pulses separated by variable interpulse gap. We

found that the recovery process, observed in the paired pulse

experiments, was clearly accelerated in the presence of bCD
(Figure 5a and b).

The effect of bCD was tested also on current responses

elicited by nonsaturating GABA concentration (10 mM, Fig-

ure 6). In control conditions, the averaged current amplitude

elicited by 10 mM GABA (at �70mV) was 465766 pA, n¼ 16.

Surprisingly, at this GABA concentration, the enhancement

of current at all bCD concentrations tested was larger than

that observed at saturating [GABA] (Figure 1). Moreover, at

variance to the effect on current amplitudes of responses to

saturating [GABA], at 10mM, the effect of bCD seems to be

close to saturation at 500mM (Figure 6, at 1.5mM bCD no

further significant increase is observed). The 10–90% rise time

of currents elicited by 10 mM GABA showed a trend to slow

down with increasing bCD concentration and this effect

reached significance at 1.5mM bCD (data not shown). A

stronger increase in amplitude of currents elicited by 10 mM
GABA in comparison to responses evoked by saturating

[GABA] (at 500mM bCD) indicates that this drug could

enhance the agonist binding to GABAA receptor. However,

it needs to be taken into consideration that any kinetic

characteristics of current response represents a complex

behavior that depends on transition rates describing all

conformational changes available to the channel (Colquhoun,

1998; Mozrzymas et al., 2003b). Thus, in order to indicate

more precisely which elements of GABAAR gating scheme are

affected, tentative model simulations had to be performed.

Model simulations

In order to further elucidate which conformational transitions

were mostly affected by bCD, model simulations were
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performed using the Jones and Westbrook’s model (Figure 7a,

Jones et al., 1998). Although simplified, this model is known to

properly reproduce the basic properties of GABAA receptor

gating. The effects of bCD were clear and robust but they were

characterized by a large cell-to-cell variability that is repre-

sented by relatively large error bars in the (Figures 1–6).

Taking this into account, the task of the model simulations

was to verify the qualitative trends of proposed mechanisms

rather than a regular optimization of the model rate constants.

Basing on our recent report (Mozrzymas et al., 2003a), we

assumed that in control conditions the desensitization rate is

the fastest transition in the GABAA receptor gating scheme

(see figure legend of Figure 7). The observation that bCD
strongly attenuates both the rate and extent of desensitization

(Figure 4) suggests a decrease in the rate constant d2. A

reduction of this rate constant would be expected to reproduce

a slow down of the desensitization time constant, increase in

the steady-state to peak ratio (Figure 4c) and an increase in

amplitude of currents elicited by saturating [GABA] (Figure 1).

The present finding that reduction in receptor desensitization

rate is associated with a robust increase in the amplitude of

currents elicited by saturating GABA further confirms that the

desensitization rate is considerably faster than the opening

rate. Thus, if d24b2 then, after application of saturating

[GABA], most of receptors would enter the desensitized state

A2D. However, a reduction of d2 (assuming b2 constant) would

favor entrance into the open state, giving rise to increased

current amplitude (at saturating agonist concentration).

However, a reduction in the desensitization rate would lead

to an acceleration of the deactivation kinetics (Jones &

Westbrook, 1995) contrary to our experimental observations

(Figure 3). It needs to be pointed out, however, that at low

[GABA] (Figure 6) bCD produced a larger enhancement of

current than at saturating agonist concentration (Figure 1)

indicating that bCD could affect binding/unbinding kinetics.

Our experiments do not provide a direct means to precisely

assess the bCD effect separately on binding and unbinding but

a robust CD-induced prolongation of deactivation (while

desensitization is reduced) would suggest a marked slow down

of the unbinding rate. However, there is a tendency to saturate

the bCD effect on binding/unbinding at concentrations close

to 500mM (Figure 6) while at higher bCD concentration, a

further slow down of desensitization is observed (Figure 4).

This could explain a biphasicity of bCD effect on the

deactivation kinetics (Figure 3). We tested this hypothesis by

simulating currents with minimum assumptions that at 500 mM
bCD, both koff and d2 are decreased while an increase of bCD
concentration to 1.5mM further decreases desensitization rate

d2 without affecting the binding/unbinding processes. Figure 7

shows that these minimum assumptions allow to qualitatively

reproduce the observed trend with respect to current ampli-

tudes (compare Figure 1 with Figure 7b–d), desensitization

(compare Figure 4 with Figure 7e–g) and deactivation kinetics

(compare Figure 3 and Figure 7b–d). A proper reproduction of

bCD-induced acceleration of the recovery process in the paired

pulse experiments (compare Figures 5 and 7h–j) was achieved

by increasing the recovery rate r2 and by slowing down the

unbinding rate from both fully bound open A2R* and

desensitized A2D states and, as mentioned above, by slowing

down of the desensitization rate d2. In addition, when using the

rate constants for 0.5 and 1.5mM bCD, it was possible to fairly

reproduce a considerably larger bCD-induced enhancement

of current amplitudes evoked by 10mM GABA than in the case

of responses elicited by saturating [GABA] (compare Figures

1, 6 to Figure 7a–c, k–m). However, a weak point of our

simulations was the lack of reproduction of bCD-induced slow

down of the current responses to 10mM GABA. We may

suspect that in the case of long GABA applications (1 s,

Figure 6) such bCD effect could result from modulation

of a slow desensitization component that was not included in

the considered model.

Altogether these model simulations further indicate that the

major effect of bCD on GABAAR gating is to decrease

desensitization and enhance binding (mainly due to strong

reduction of the unbinding rate).

Discussion

The major finding of the present report is that bCD, a

compound commonly believed to act as an inert factor

increasing the solubility of hydrophobic substances, is able

to strongly affect the kinetics of conformational transitions of

GABAA receptors. bCD-induced alterations of recorded

current responses as well as model simulations indicate that

the major bCD effect is to modulate desensitization and

agonist binding/unbinding. As mentioned in Results, while the

qualitative trends in bCD-induced modulation of GABA-

evoked currents time course were clear, the extent of

modulation showed a substantial cell-to-cell variability (see

Results and large error bars in Figures 1–6). The reason for

such large data scatter is not clear. It may be speculated that it

reflects a heterogeneity of GABAA receptors in different

neurons. Alternatively, since CD is likely to strongly interact
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�1. For 500mM
bCD: kon¼ 6ms�1mM

�1, koff¼ 0.3ms�1, b2¼ 3ms�1, a2¼ 0.5ms�1, b1¼ 0.0015ms�1, a1¼ 1.5ms�1, d2¼ 8ms�1, r2¼ 0.12ms�2,
d1¼ 0.014ms�1, r1¼ 0.0015ms�1, P¼ 0.001ms�1, q¼ 0.0005ms�1mM

�1. For 1500 mM bCD: kon¼6ms�1mM
�1, koff¼ 0.3ms�1,

b2¼ 3ms�1, a2¼ 0.5ms�1, b1¼ 0.0015ms�1, a1¼ 1.5ms�1, d2¼ 6.5ms�1, r2¼ 0.135ms�1, d1¼ 0.014ms�1, r1¼ 0.0015ms�1,
P¼ 0.001ms�1, q¼ 0.0005ms�1mM

�1. (b–d) Simulated current responses to brief applications of saturating [GABA] (10mM) in
control conditions (b) in the presence of 500mM bCD (c) and in 1500 mM bCD (c). The increase in amplitude (compare to Figure 1)
as well as slow down in the deactivation kinetics (compare to Figure 3) in the presence of bCD is clearly reproduced. (e–g) Simulated
current responses to long applications of saturating [GABA] (10mM) in control conditions (e) in 500 mM bCD (f) and in 1500 mM
bCD (g). Decrease in the rate and extent of desensitization) in the presence of bCD is properly reproduced (compare to Figure 4).
(h–j) Simulated current responses to paired pulses of brief and saturating [GABA] (10mM) in control conditions (h) in 500 mM bCD
(i) and in 1500 mM bCD (j). Acceleration of the recovery in the presence of bCD is reproduced (compare to Figure 5). (k–m)
Simulated current responses to applications of nonsaturating [GABA] (10mM) in control conditions (k) in 500 mM bCD (l) and in
1500 mM bCD (m). Note that, in agreement with experimental data, increase in amplitude in the presence of bCD is clearly larger
than in the case of saturating [GABA] (compare Figures 1, 6 and Figure 7b–d and k–m). Moreover, in agreement with experimental
evidence (Figure 6b) the increase in current amplitude at 500 mM bCD is predicted to be large while further increase in bCD
concentration produces only a minor effect (compare l and m).

M. Pytel et al Cyclodextrin modulates GABAA receptors 419

British Journal of Pharmacology vol 148 (4)



with lipid phase of the membrane, it may be hypothesized that

such diversity of CD action reflects differences in receptor

microenvironment in different neurons. Elucidation of this

problem will require determination of the site and molecular

mechanism of CD action.

Although CDs are commonly used to deliver GABAAR-

acting compounds (e.g. Wang et al., 1997), to our knowledge,

the only study in which the bCD effect on GABAA receptors

was addressed in electrophysiological experiments, was pub-

lished by Shu et al. (2004). However, they found that bCD
affected the steroid activated currents but responses elicited by

GABA were not altered by this compound (Shu et al., 2004).

The reason for this discrepancy is not clear. The currents

recorded by Shu et al. (2004) were evoked by a relatively slow

application system and it is possible that some aspects of bCD-

induced modulation of receptor gating were beyond time

resolution of their system. The fact that they observed a clear

CD effect only on very slow currents activated by steroid could

support this hypothesis. On the other hand, as pointed out

by Shu et al. (2004), steroid-induced activation of GABAARs

could result from a different molecular pathway that could

show different sensitivity to CD.

The analysis of bCD effect on desensitization kinetics

(Figure 4) and on amplitudes of current responses to

nonsaturating [GABA] (Figure 6) suggests that desensitization

and binding/unbinding are modulated by bCD with different

potency. The molecular mechanism of such different bCD
actions is not known. It may be speculated that modulation of

these processes is mediated either by two different binding sites

or that molecular determinants of binding and desensitization

are differentially affected by bCD-induced alterations in the

lipid environment. Perhaps the most obvious candidate to

explain the described here modulation of GABAARs is bCD-

mediated depletion of membrane cholesterol. At first glance,

this possibility appears particularly plausible since, as already

mentioned, membrane cholesterol was shown to strongly

modulate several ionic channels in the plasma membrane

(Chen & Gross, 1995; Bennett & Simmonds, 1996; Hajdu

et al., 2003; Brady et al., 2004; Frank et al., 2004; Lundbaek

et al., 2004; Shu et al., 2004; Taverna et al., 2004; Xia et al.,

2004). In the case of acetylcholine receptor this effect is crucial

as this channel cannot be activated in the absence of

cholesterol (Fong & McNamee, 1986; Addona et al., 1998).

Moreover, Bennett & Simmonds (1996) have shown that

cholesterol may affect binding of different modulators to

GABAARs. There are, however, several points arguing against

any crucial role of cholesterol efflux in described here

modulation of GABAARs gating by bCD. First of all, the

bCD concentration range used in the present study (up to

1.5mM) would be expected to induce a weak cholesterol efflux.

Indeed, Kilsdonk et al. (1995) and Yancey et al. (1996) applied

several millimols of CD for several minutes or even hours to

observe measurable cholesterol uptake. It is noteworthy that in

the present study, a detectable effect on GABAA receptor

kinetics was observed at 150 mM of bCD, a concentration at

which cholesterol efflux would be negligible. Moreover, in our

experiments the membrane patches were exposed continuously

to a rapid flux of solution containing bCD. In these

conditions, we would expect an irreversible cholesterol

depletion while the bCD effects on GABA-evoked currents

were fully reversible. Yancey et al. (1996) have found that CD-

induced cholesterol efflux was characterized by a biphasic time

course with time constants of roughly a few tens of seconds

(fast) and of several minutes (slow). If the observed changes

in GABA-evoked current kinetics were due to the cholesterol

depletion, one would expect that in consecutive recordings

(separated by at least 2min. interval), a modification in

amplitude or current time course would show an evolution

correlated with the kinetics of cholesterol efflux. However,

consecutive current responses recorded in the presence of bCD
were indistinguishable. Treatment of cellular membranes with

CDs results in loss not only of cholesterol but also of

sphingolipids and phospholipids (Kilsdonk et al., 1995; Ottico

et al., 2003). However, since sphingolipids and especially

phospholipids are taken up from membranes by CDs much

less efficiently than cholesterol (Kilsdonk et al., 1995; Ottico

et al., 2003) the efflux of these compounds seems unlikely to be

responsible for the observed here bCD effects on GABAergic

currents. Altogether, the above described arguments indicate

that the efflux of cholesterol (or other compounds such as

sphingolipids and phospholipids) is not the primary mechan-

ism whereby bCD modulate the GABAA receptor gating. This,

however, does not exclude any involvement of cholesterol in

this process. It is well documented that cholesterol may exert

different modulatory effects depending on its localization

within the membrane (e.g. within specialized lipid micro-

domains or in close association with proteins). Thus it is

conceivable that bCD might interact with cholesterol not

necessarily by removing it from the membrane but for

example, by affecting its localization. We may thus speculate

that although bCD caused most likely only a weak cholesterol

(or other lipids) efflux, it could effectively affect the lipid

domains in the vicinity of the receptor by inducing local

alterations in distribution of lipid compounds. In this context

it is noteworthy that acetylcholine receptors (that fail to

activate in the absence of cholesterol) require cholesterol

presence close to lipid–protein interface (Addona et al., 1998).

Thus the activity of this receptor is not that much sensitive to

the average cholesterol content within the membrane but

rather requires its presence in the specialized zones close to

the receptor macromolecule. The hypothesis related to the

influence of cholesterol on the channel microenvironment

appears even more interesting in the light of studies of

Lundbaek et al. (1996; 2004) who found that factors affecting

membrane stiffness (including cholesterol) strongly modify the

kinetics of gramicidine channel as well as voltage-gated sodium

and potassium channels. Clearly, since conformational transi-

tions of channels are associated with geometrical rearrange-

ments of these macromolecules, it is expected that the rigidity

of channel closest environment could affect its gating.

An alternative possibility could be that cholesterol binds

to a protein, forming an easy removable pool of membrane

bound cholesterol that, after bCD removal, can be recovered

from the lipid environment. For instance, Ding et al. (1994)

provided evidence for cholesterol binding sites on ATPases

and Locke et al. (2004) have demonstrated that CD is able to

block connexins by occlusion of channel pore.

It needs to be additionally emphasized that CDs may

interact with applied modulators (e.g. steroids or cholesterol)

via non-inclusion-mechanisms or form complexes (Loftsson

et al., 2004). Creation by CDs a supramolecular structures

seems compatible with a proposal of Shu et al. (2004) that CDs

could act as molecular sponges for hydrophobic compounds

supplied to the membranes.
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Altogether, we conclude that CDs, at concentrations at

which effective cholesterol uptake is unlikely, induce strong

alterations in the kinetics of conformational transitions of

GABAA receptors. Although the molecular mechanism of

bCD effects is not clear, it seems particularly appealing to

study in the future CD effects on the microenvironment of the

protein hydrophobic coupling or a direct CD binding to the

receptor macromolecule. Another important message coming

from this study is that CDs cannot be regarded as inert

solubilizers for hydrophobic compounds as they can interact

with and modulate the membrane components (both lipids and

proteins).

Supported by the Polish State Committee for Scientific Research
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